Object. Early postoperative MRI within 72 hours after brain tumor surgery is commonly used to assess residual contrast-enhancing tumor. The 72-hour window is commonly accepted because previous 1.5-T MRI studies have not found confounding postoperative reactive contrast enhancement in this time frame. The sensitivity to detect contrast enhancement increases with the field strengths. Therefore, the authors aimed to assess whether the 72-hour window is also appropriate for the MRI scanner with a field strength of 3 T.
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I n patients with malignant gliomas, the poor prognosis is determined by the extent of tumor removed, tumor histopathology, age, and symptoms of the patient. 2, 9, 10, 30 The resection of an enhancing tumor (grosstotal resection) is known to prolong progression-free and overall survival time of patients. 32, 35, 36 Most tumor progressions are detected within the 1st year after surgery; thus, accurate postoperative assessment is important. 5, 21, 23 In the past, the extent of surgical tumor removal was estimated by the neurosurgeons. 2, 10, 26 By allowing a comparison with the preoperative MRI findings, postoperative MRI, in recent years, has become the method of choice for determining the presence of any residual tumor. 10 Early postoperative MRI (within 72 hours) is commonly used to determine if a complete tumor resection has been achieved or to show how much enhancing tumor remains in situ. 2 This postoperative MRI study is the basis for making postsurgical decisions and monitoring the effects of subsequent adjuvant therapy. The time window of 72 hours after surgery is recommended to avoid occurrence of nonneoplastic contrast enhancement due to surgical manipulation. 2, 18 Early postoperative enhancement and tumor-induced contrast enhancement can look very much alike. 12, 15 Therefore, benign postoperative enhancement can be difficult to distinguish from that caused by residual tumor. Because MRI studies have shown that reactive enhancement does not occur within 72 hours after surgery, enhancement within this time window indicates the presence of residual tumor tissue. 2, 14 The MRI studTime window for postoperative reactive enhancement after resection of brain tumors: less than 72 hours ies in the past were performed at field strengths of 1.5 T. Today, MRI scanners with higher field strengths (mainly 3 T) are becoming more widely available. The magnetic field dependence of contrast enhancement in brain lesions including brain tumors has been addressed in several studies. 1, 8, 11, 17 The intravenous application of a standard dose of Gd-based contrast medium produces greater contrast between the lesion and normal brain at 3.0 T compared with 1.5 T. 27 The T1 relaxation rate of both the nonenhancing brain tissue and contrast-enhancing tissue decreases with increasing field strength, reducing the T1 effect on T1-weighted images. However, the overall signal increases at 3 T, and the lower background contrast between gray and white matter yields a higher sensitivity to detect contrastenhancing lesions. 4, 27, 37 Until now, there has been no published systematic analysis of the reliability of the 72-hour window as it applies to 3-T MRI. Therefore, we aimed to evaluate if this timeframe is also appropriate for the 3-T MR images. To this end, we retrospectively analyzed the clinical and MRI data of patients with high-grade gliomas who underwent tumor resection.
Methods
This retrospective noninterventional study was approved by the local institutional review board.
Patient Population
We retrospectively analyzed the MRI studies of 46 patients with high-grade gliomas who underwent tumor surgery at our institution between January 2012 and June 2013. MRI scans were acquired using a 3-T scanner within 7 days before surgery and within 72 hours after surgery, with identical parameters at both imaging sessions.
Tumor removal was performed with the objective of excising the maximum amount tumor while preserving neurological functions (e.g., motor function, language, and visual function). The surgically resected gliomas were classified histopathologically based on WHO criteria for the classification of CNS tumors.
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Imaging Technique
High-field 3-T MRI (Verio, Siemens) was performed in all patients using a standard protocol, including an axial T2-weighted turbo-spin echo sequence (TR 5.170 msec, TE 92 msec), axial FLAIR sequence (TR 6.630 msec, TE = 131 msec, TI 2.140 msec), and T2*-weighted images (TR 631 msec, TE 20 msec). Axial T1-weighted spin echo sequences (TR 590 msec, TE 12 msec, slice thickness 5 mm) were acquired before and after intravenous application of a standard dose of Gd-DTPA (0.1 mmol/kg). Furthermore, coronal contrast-enhanced T1-weighted gradient echo sequences (TR 261 msec, TE 4.12 msec) and contrast-enhanced T1-weighted 3D gradient echo sequence (TR 4.9 msec, TE 1.83 msec, slice thickness 1 mm) were added for analysis. All patients were shown to have had enhancing tumors preoperatively.
Image Analysis
All imaging studies, including the first serial followup scans after the postoperative MR scans (routinely obtained 8 weeks after surgery) were evaluated qualitatively by two experienced neuroradiologists, one with more than 10 years and the other with more than 5 years experience in tumor diagnosis, independently and blinded to the results of the serial follow-up scans.
For qualitative analysis the appearance of enhancement pattern was assessed as it was described by Forsyth et al. 14 The different patterns of enhancement at the surgical site were categorized as follows: 1) postoperative reactive marginal or dural/leptomeningeal (fine linear areas of enhancement along the operative bed); and 2) tumoral enhancement corresponding to the location of enhancing tumor documented before surgery. Additionally, we compared noncontrast and contrast-enhanced T1-weighted images to identify hyperintense areas on nonenhanced T1-weighted images and to avoid misinterpretation as contrast enhancement. 24 These hyperintense areas correspond to methemoglobin, whose formation is accelerated by styptic agents.
Postoperative reactive marginal or leptomeningeal/ dural enhancement was defined as fine linear areas of enhancement without any nodularity or bulky areas of enhancement. Similarly, enhancement was defined as residual tumor enhancement if persisting in an area where an enhancing tumor mass was documented before surgery; was bulky, nodular, or mass-like in shape; and was continuously detectable on subsequent follow-up examinations.
The terms used to characterize the scans are descriptive but widely accepted and used by neuroradiologists. We compared clinical and radiological data in all patients, and the follow-up scans reassured us that the fine linear areas of enhancement were not residual tumor, and therefore histological proof was not necessary.
Results
We examined a total of 46 patients (33 male; mean age 62.5 years, range 26-79 years) with newly diagnosed malignant gliomas who underwent either gross-total or partial tumor resection.
Histopathological analysis demonstrated glioblastomas in 44 patients, anaplastic astrocytoma (WHO Grade III) in 1 patient, and gliosarcoma in 1 patient.
An intraoperative MRI (iMRI)-guided procedure with "double dose" application of Gd-DTPA (0.2 mmol/ kg) was performed in 21 patients. Patients for whom iMRI guidance was used received contrast agent twice per surgery. In 25 patients no iMRI guidance was used.
Postsurgical MR scans were acquired within the first 72 hours after surgery in 41 patients (mean 35:40 hours, range 22:57-56:08 hours) and after 72 hours in 5 patients (mean 86:50 hours, range 73:46-107:33 hours).
On the nonenhanced T1-weighted images, hyperintense areas (methemoglobin) of different degrees and forms were present in the resection site of all patients.
Postoperative Reactive Enhancement
Postoperative reactive enhancement patterns (marginal or leptomeningeal/dural enhancement) were noted in 15 (32.6%) of 46 patients-7 patients in whom iMRI guidance was used and 8 patients in whom it was. In 6 (40%) of these 15 patients additional residual tumor was also present in a portion of the resection cavity distant from the site of the early postoperative reactive enhancement; 1 of these patients had undergone an iMRI-guided procedure.
Reactive enhancement was present within the first 72 hours in 13 (28.3%) of 46 patients (mean 34:30 hours). The earliest occurrence of marginal enhancement was within 22:57 hours after surgery. In 2 patients marginal enhancement occurred beyond 72 hours after surgery (mean 91:27 hours).
Subsequent MR scans in these patients with reactive enhancement on the first postoperative scan after surgery demonstrated no evidence that this enhancement was residual tumor, and no tumor recurrence occurred in these regions.
In our series, 1 of the 3 patients examined within 24 hours following surgery exhibited reactive enhancement not attributable to residual tumor. None of these patients had undergone surgery with iMRI.
Between 24 and 48 hours postoperatively, 6 (35.3%) of 17 iMRI group and 3 (23.1%) of 13 in the non-iMRI group exhibited reactive enhancement.
Beyond 48 hours postoperatively, 1 (25.0%) of 4 patients in the iMRI group and 5 (55.6%) of 9 patients in the non-iMRI group had evidence of reactive enhancement.
iMRI-Guided Surgery
Seven of the 13 patients with postoperative reactive enhancement within the 72-hour window had undergone iMRI-guided tumor resection in which Gd was applied intraoperatively. The percentage of patients with postoperative reactive enhancement did not differ between the patients with and without iMRI (33% and 32%, respectively). In the 7 patients who underwent iMRI-guided surgery and who had postoperative reactive enhancement, the MRI had been performed within a mean of 34:12 hours after surgery (range 25:35-53:34 hours). In the 8 patients who did not undergo iMRI-guided surgery, the postsurgical MRI was done within a mean of 49:35 hours (range 22:57-107:33 hours).
Residual Tumor Enhancement
Enhancement of residual tumor in areas also evident on the presurgical scans was present in 31 patients (67.4%). None of these patients underwent a second surgery or stereotactic biopsied. Nine of the 31 patients had received a contrast agent intraoperatively for iMRI.
Discussion
We were able to show that reactive contrast enhancement after resection of high-grade gliomas can appear within the 72-hour window on MR images obtained using at 3-T scanner in a not insignificant number of patients. Our results differ from those of previous studies in which images were acquired at lower field strength and revealing no contrast enhancement within the first 72 hours after surgery. 2, 13, 14, 32 MRI showed postoperative enhancement patterns in 15 of our 46 patients, in 13 of whom evidence was found within the 72-hour window (mean time window within 34:30 hours). Therefore, field strength may be the one important factor influencing the visual detection of reactive enhancement. In contrast, the application of an intraoperative contrast agent does not influence the occurrence of benign enhancement postoperatively. In both iMRI and non-iMRI groups, postoperative reactive enhancement appeared within 72 hours after surgery in one-third of the patients. However, it should be noted that this enhancement occurred earlier if the patient received an intraoperative contrast agent before the postsurgical MR scan (mean 34:12 hours with Gd-based iMRI vs 49:35 hours without Gd-based iMRI), raising the question of whether preceding application of contrast agent additionally narrows the time window for the occurrence of postoperative reactive enhancement. To answer this question, prospective studies will be required. The use of iMRI has increased in recent years, because it has been shown to increase the percentage of the complete tumor resection compared with surgeries without iMRI. 7, 29, [32] [33] [34] Furthermore, it would be very helpful to fix an optimal time frame for the postoperative MRI. Our data suggest that reactive enhancement after surgery varies greatly in terms of time and appearance, although the surgical procedure was standardized irrespective of the use of iMRI. The marked heterogeneity of glioblastoma, their anatomical environment, and the presence of residual tumor influence surgical procedure (e.g., the use of hemostatic material or cautery), which in turn may result in a different manner of enhancement. In addition, the manufacturers of MRI scanners, dose and type of contrast agent administered, and the sequence parameters also influence the visibility of contrast enhancement. Therefore, even if we could provide optimal time frame for conducting postoperative MRI at our institution, there is no guarantee that our time frame would be suitable for other institutions because of these variables.
The authors of previous MRI studies have investigated postsurgical changes, aiming to identify the optimal time after surgery to assess benign and malignant contrast enhancement findings. 2, [12] [13] [14] 16, 18, 28, 31 However, the detection of enhancement strongly depends on various factors, such as imaging sequence parameters, magnetic field strength, contrast agent dose, and manner of contrast agent administration. 6, 20 Since the 1994 publication by Albert et al., the opinion has been that benign enhancement occasionally appears on Day 4 after surgery but never before that. 2 This benign enhancement has been explained by postsurgical repair mechanisms at the resection site that result from hypervascularization and disruption of blood-brain barrier. Postoperative benign linear enhancement can be observed for up to 3 months after treatment, and meningeal enhancement often persists even longer. 2 As a result of the study by Albert et al., the standard has been to perform postsurgical MRI in patients within the first 72 hours after glioma resection. Thus, misinterpretation of residual tumor and benign postoperative reactive enhancement should be avoided.
Although our data did not reach statistical signifi-cance, they suggest that reactive enhancement may appear earlier when contrast-enhanced iMRI precedes the postoperative MRI. Neurosurgeons and radiologists should pay special attention to this association in the future. In line with our results, Ekinci et al. reported 25 of 30 cases in which 1.5-T MRI documented enhancement in the re section bed within the first 24 hours without evidence of residual tumor tissue. 10 The authors distinguished the postoperative enhancement patterns, with thick nodular enhancement corresponding to residual tumor and thin linear enhancement corresponding to benign contrast enhancement. Therefore, one should question the generally accepted belief that the "diagnostic window" for performing MRI is within 72 hours after surgery.
The reason for this discrepancy can only be assumed. The higher field strengths used in our study might not be the only reason for the shortened time window for detection of postoperative reactive enhancement, since Ekinci et al. did use a 1.5-T scanner. Additionally, other technical advantages such as new head coils with better signal-to-noise performance and also the parameters of the T1-weighted sequence might influence detectability of the benign enhancement. 3, 19, 25, 38, 39 However, confounding findings from early reactive enhancement may be limited if the imaging criteria of this enhancing pattern are considered. In our study, the types of enhancement shown on the first postoperative reactive MR scan could easily be attributed to reactive enhancement or residual gross tumor by comparing preand postsurgical scans, the latter revealing identical parts of the presurgical enhancing tumor. In cases of enhancement exhibiting a nodular or mass-like shape, the type of enhancement itself was highly suggestive of residual gross tumor (Fig. 1) . The real type of this enhancement was confirmed by follow-up examinations. Examples of early postoperative reactive enhancement included linear enhancement along the resection margins as well as leptomeningeal or dural enhancement (Fig. 2) . Early dural and leptomeningeal enhancement usually appeared near the craniotomy site or at intergyral and interlobar interfaces. In some patients, new gyriform enhancement of the adjacent parenchyma occurred after surgery. This was the result of ischemia, and the lesion turned into parenchymal defects on the follow-up MRI examinations.
Limitations of this study are its retrospective design and the use of a single field strength only. However, even when comparing results from different field strengths, one should consider other confounding factors such as the coil characteristics, sequence parameters, type of contrast agent, and differences among the MRI scanners from various manufactures. Additionally, the study lacks statistical and systematical analyses to establish an exact definition of the optimal time window and to generalize conclusions.
Furthermore, we used descriptive parameters to define the types of enhancement. This approach was still supported by the inspection of follow-up MR images showing no recurrent tumor in the areas of marginal enhancement.
Conclusions
Benign postoperative reactive enhancement after gli o ma resection can be found earlier than the generally ac cepted period of 72 hours after surgery. We observed postoperative nonneoplastic enhancement in 13 (28.3%) of 46 patients within the first 72 postoperative hours; the earliest enhancement was noted 22:57 hours after surgery. The higher field strengths (3 T) might be one reason for the shorter interval, but the factors influencing the detectability of contrast enhancement are manifold and difficult to standardize. Nonetheless, the critical visual analysis of enhancing patterns, together with the comparison of postsurgical with presurgical MR images, seems to enable discrimination between residual tumor and benign reactive enhancements.
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